Resistance of mTAL Na+-dependent transporters and collecting duct aquaporins to dehydration in 7-month-old rats  by Amlal, Hassane & Wilke, Catherine
Kidney International, Vol. 64 (2003), pp. 544–554
ION CHANNELS – MEMBRANE TRANSPORT – INTEGRATIVE PHYSIOLOGY
Resistance of mTAL Na-dependent transporters and
collecting duct aquaporins to dehydration in 7-month-old rats
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Resistance of mTAL Na-dependent transporters and collect-
ing duct aquaporins to dehydration in 7-month-old rats.
Background. Aging is associated with a defect in urinary
concentration in both human and experimental animals. The
purpose of these studies was to examine the urinary concentrat-
ing ability, the expression of kidney water channels [aquaporins
(AQP1 to AQP3)], and medullary thick ascending limb (mTAL)
Na-dependent transporters in old but not senescent versus
young animals in response to water deprivation.
Methods. Two-month-old and 7-month-old rats were placed
in metabolic cages and deprived of water for 72 hours. Kidney
tissues were isolated and examined for the expression of AQP1
to AQP3 and mTAL, peptide-derived polyclonal antibody spe-
cific to kidney apical Na-K-2 Cl cotransporter (BSC1), Na/
H exchanger isoform 3 (NHE3), and Na pump using semi-
quantitative immunoblotting and Northern hybridization.
Results. After 72 hours of water deprivation, urine osmolal-
ity increased from 1269 to 3830 mOsm/kg H2O in 2-month-old
rats, but only from 1027 to 2588 mOsm/kg H2O in 7-month-
old rats. In response to water deprivation, AQP2 and AQP3
expression increased significantly in the cortex and medulla of
2-month-old rats but remained unchanged in the medulla or
slightly increase in the cortex of 7-month-old animals. AQP1
expression was not altered by dehydration in both groups. The
protein abundance of mTAL BSC1, NHE3, and Na pump
increased significantly in young but remained unchanged in
7-month-old rats subjected to water deprivation.
Conclusion. Age-related decrease in urinary concentrating
ability is an early event, developed before the onset of senes-
cence. This defect results from reduced responsiveness of corti-
cal AQP2 and AQP3 and a blunted response of medullary
AQP2 and mTAL BSC1, NHE3, and Na pump to dehydration
in aging kidneys.
Impaired urinary concentrating ability of the aging
kidney has been well documented in both humans [1–4]
as well as experimental animals [5–8]. The ability of the
kidney to produce concentrated urine in response to
water deprivation or vasopressin treatment was consis-
tently shown to be impaired in aging kidney [1–5]. Fur-
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ther, at steady state, a significant polyuria and diluted
urine were described in old animals having free access
to food and water [3, 9, 10–13]. Age-related water ho-
meostasis disorder was attributed to a defect in vasopres-
sin secretion in some strains of rats [12, 14]. In other
species, urinary concentrating defect was reported to be
independent of the circulating levels of vasopressin and
was rather attributed to a decrease in the renal response
to this hormone [1, 3, 13, 15]. In senescent animals, stud-
ies demonstrated that polyuria and urinary concentrating
defect resulted primarily from a down-regulation of med-
ullary collecting duct aquaporin 2 (AQP2) and AQP3
expression, as the expression of AQP1 and AQP4 was
unchanged [16, 17]. The decrease in the expression of
these water channels was associated with a lower papil-
lary osmolality, and appears to be independent of argi-
nine vasopressin (AVP)-stimulated cyclic adenosine mo-
nophosphate (cAMP) accumulation or vasopressin-V2
receptor mRNA expression [16, 18]. Interestingly, recent
studies demonstrated that age-related polyuria was cor-
rected by exogenous infusion of 1-desamino-8-d-arginine
vasopressin (dDAVP), which stimulated the expression
of AQP2, AQP3, and urea transporters (UT)-A1/UT-A2
in the kidney medulla of senescent animals [19]. Hence,
the mechanism(s) underlying the age-related disordered
water homeostasis still remains unclear.
In senescent animals, alteration in renal tubular struc-
ture or anatomy, loss of nephrons, and hyperfiltration
of the remaining nephrons could alter the processes in-
volved in the urinary concentration and dilution. How-
ever, studies have shown that water restriction did not
increase AQP2 expression in 15-month-old or 28-month-
old rats as compared to 4-month-old animals [20]. More-
over, a decrease in maximal urinary concentrating ability
in response to water deprivation was demonstrated in
7-month-old as compared to 2-month-old rats. This defect
was observed despite an increase in plasma vasopressin
levels in 7-month-old rats [21]. In these studies, however,
AQP2 mRNA and V2 receptor mRNA expression were
examined only in whole kidney [21]. The regional regula-
tion of collecting duct AQP2 protein abundance and the
adaptation of medullary thick ascending limb (mTAL)
salt transporters were not examined [21].
Amlal and Wilke: mTAL apical Na transporters and CD AQP2 in aging kidney 545
The regulation and maintenance of water balance by
the kidney depends on several interrelated processes,
which participate to urinary concentrating mechanism.
These processes are (1) the load delivery of fluid to the
diluting segments determined by the glomerular filtra-
tion rate (GFR) and the proximal tubule activity, (2)
the generation of a hypertonic medullary interstitium as
a result of active absorption of sodium chloride (NaCl)
without net movement of water in the mTAL, urea recy-
cling and medullary blood flow, and (3) variable perme-
ability of the collecting duct to water determined by the
presence of vasopressin [reviewed in 22, 23]. Thus, alter-
ation of one or more of these processes could significantly
contribute to the impairment of urinary concentrating
ability of the aging kidney.
The present studies were undertaken to determine the
time onset of decreased urinary concentrating ability and
its molecular basis in relatively old but not senescent
animals. Water balance and urine osmolality were mea-
sured before and after water deprivation of young and
7-month-old rats. The expression of proximal tubule and
descending limb AQP1 and collecting duct AQP2 and
AQP3 protein and mRNA in different regions of the
kidney were determined in both groups. In additional
experiments, the adaptation of medullary thick ascend-
ing limb Na-dependent transporters [peptide-derived
polyclonal antibody specific to kidney apical Na-K-2
Cl cotransporter (BSC1), Na/H exchanger isoform
3 (NHE3), and Na pump] to water deprivation was
examined in both young and 7-month-old animals.
METHODS
Animal models
The experimental protocol was approved by Institu-
tional Animal Care and Use Committee of University
of Cincinnati. Male Sprague-Dawley rats (Harlan, India-
napolis, IN, USA) were housed two rats/cage with free
access to rat chow and tap water and maintained in
a temperature-controlled room regulated on a 12-hour
light/dark cycle for 1 week to 7 months. One week later,
a group of rats (young rats, 8 weeks) were placed in
metabolic cages and allowed free access to food and
water. After 4 days of adjustment to metabolic cages,
rats were randomly divided into two groups. One group
(control) had free access to food and water, whereas the
second group was deprived of water but had free access
to food for 72 hours (dehydration). Seven months later,
the other group of rats (7-month-old) were also placed in
metabolic cages, and randomly divided into two groups,
control and water-deprived rats for 72 hours as described
above. Water and food intake, urine volume, urinary
Na excretion rate, and urine osmolality were measured
daily. At the end of the experiment, the animals were
sacrificed and the kidneys were removed. Cortex, inner
stripe of outer medulla, and inner medulla were dissected
and snap-frozen in liquid nitrogen, and stored at –80C
for total RNA and membrane protein isolation. The
gastrointestinal tract was excised from the end of the
esophagus to the rectum from both control and experi-
mental groups and weighed. The net body weights were
adjusted by considering the difference in the weights of
gastrointestinal contents. Sodium balance was calculated
by subtracting the daily urinary Na excretion from Na
intake; fecal sodium content was not measured.
Total RNA isolation
Total cellular RNA was extracted from renal cortex,
outer medulla, and inner medulla by the method of
Chomczynski and Sacchi [24]. In brief, 0.5 to 1 g of tissue
was homogenized at room temperature in 10 mL Tri
Reagent (Molecular Research Center, Inc., Cincinnati,
OH, USA). Total RNA was extracted by phenol/chloro-
form and precipitated by isopropanol. Total RNA was
quantitated by spectrophotometry and stored at 80C.
Northern hybridization
Total RNA samples (30 g/lane) were fractionated on
a 1.2% agarose-formaldehyde gel and transferred to Magna
NT nylon membranes using 10 sodium chloride-sodium
phosphate-ethylenediaminetetraacetic acid (EDTA)
(SSPE) as transfer buffer. Membranes were cross-linked
by ultraviolet light and baked for 1 hour. Hybridization
was performed according to Church and Gilbert [25] and
as previously used in our laboratory [26–28]. Membranes
were hybridized overnight with 32P-labeled specific DNA
probes (25 ng). The membranes were washed, blotted,
and exposed to Phosphor-imager cassette (Molecular
Dynamics, Sunnyvale, CA, USA) at room temperature
for 24 to 72 hours, and read by Phosphor-imager (Molec-
ular Dynamics). Specific probes for AQP2 and BSC1
were generated by polymerase chain reaction (PCR) as
previously described in our laboratory [26–28]. Coding
sequence in NHE3 and AQP3 genes were used to design
primers utilized to generate NHE3 and AQP3 specific
probes by reverse transcription (RT)-PCR from rat kid-
ney total RNA. NHE3 cDNA PCR product was gener-
ated with a forward primer 5-GGAACAGAGGCGG
AGGAGCAT-3 and a reverse primer 5-GAAGTTGT
GTGCCAGATTCTC-3 corresponding to bases 1885 to
2206 of the rat NHE3 cDNA. AQP3 cDNA PCR frag-
ment was generated using the forward primer 5-TGG
CTGGGGTTCAGAAG-3 and a reverse primer 5-CGT
TTTTAGCCCGAGAGG-3corresponding to bases 763
to 1068 of the rat AQP3 cDNA. The PCR reaction
yielded single bands with expected size of 321 and 305
bp corresponding to rat NHE3 and AQP3 fragments,
respectively, both of which were verified by sequencing
(DNAcore, University of Cincinnati, Cincinnati, OH,
USA). The probe for alpha subunit of Na,K-ATPase
was a generous gift from Drs. P. James and J. Lingrel
at the University of Cincinnati.
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Preparation of membrane fractions from renal cortex,
outer medulla, and inner medulla
A total cellular fraction containing plasma membrane
and intracellular membrane vesicles was prepared from
cortex, outer medulla, and inner medulla as previously
described [26, 28]. Briefly, the tissue samples were ho-
mogenized in ice-cold isolation solution (250 mmol/L
sucrose and 10 mmol/L triethanolamine, pH 7.6) con-
taining protease inhibitors (0.1 mg/mL phenazine methyl
sulfonyl fluoride; 1 g/mL leupeptine), using a Polytron
homogenizer. The homogenate was centrifuged at low
speed (1,000 g) for 10 minutes at 4C to remove nuclei
and cell debris. The supernatant was spun at 150,000 
g for 90 minutes at 4C. The pellet containing plasma
membrane and intracellular vesicles was suspended in
isolation solution with protease inhibitors. The total pro-
tein concentration was measured and the membrane
fractions were solubilized at 65C for 20 minutes in
Laemmli buffer.
Electrophoresis and immunoblotting
Semiquantitative immunoblotting experiments were
carried out as previously described [26, 28]. Briefly, the
solubilized membrane proteins were size fractionated on
10% polyacrylamide minigels (Novex, San Diego, CA,
USA) under denaturing conditions. Using a BioRad
transfer apparatus (BioRad Laboratories, Hercules, CA,
USA), the proteins were electrophoretically transferred
to a nitrocellulose membrane. The membrane was blocked
with 5% milk proteins, and then probed with affinity-
purified antibody. The secondary antibody was a donkey
anti-rabbit immunglobulin G (IgG) conjugated to horse-
radish peroxidase (Pierce Chemical Co., Rockford, IL,
USA). The site of antigen-antibody complexation on the
nitrocellulose membranes was visualized using chemilu-
minescence method (SuperSignal Substrate; Pierce) and
captured on light sensitive imaging film (Kodak, Roches-
ter, NY, USA). The equity in protein loading in all blots
was first verified by gel staining using the coomassie
brilliant blue R-250 (Bio-Rad) as previously described
[26] and as shown below in Figure 9B.
Materials
32P-deoxycytidimine triphosphate (dCTP) was pur-
chased from New England Nuclear (Boston, MA, USA).
Nitrocellulose filters and other chemicals were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). High
Prime DNA labeling kit was purchased from Roche Di-
agnostics GmbH (Mannheim, Germany). AQP2 and BSC1
antibodies were generated using commercial services
[24, 26]. NHE3, AQP1, and AQP3 antibodies were pur-
chased from Alpha Diagnostic International (San Anto-
nio, TX, USA). Rat Na,K-ATPase alpha-1 subunit
antibody was purchased from Research Diagnostics, Inc.
(Flanders, NJ, USA).
Statistic analysis
Semiquantification of immunoblot and Northern hy-
bridization band densities were determined by densitom-
etry using a scanner (ScanJet ADF, Hewlett Packard,
Palo Alto, CA, USA) and UN-SCAN-IT gel software
(Silk Scientific, Inc., Orem, UT, USA) and ImageQuaNT
software (Molecular Dynamics), respectively. Data were
expressed as % of control. Results were presented as
means SE. Statistical significance between control and
experimental groups was determined by Student un-
paired t test. P  0.05 was considered significant.
RESULTS
Water balance and urine osmolality in young
and old rats
The average baseline volume of water intake, at a
steady state, was 26  1.2 mL/24 hours for young and
32  1.18 mL/24 hours for old rats (P  0.001, N 	 5
rats for each). As shown in Figure 1, urine volume was
11  0.8 mL/24 hours and 20  1.17 mL/24 hours for
young and 7-month-old rats, respectively, (P 0.01, N	
5 for each) (Fig. 1A). After water removal, urine volume
decreased to 1  0.14 mL/24 hours in young and to 3 
0.37 mL/24 hours in 7-month-old rats within 72 hours of
water deprivation (P 0.002, N	 5 for each) (Fig. 1A).
With regard to urine osmolality, a slight but significant
difference was observed between the two groups at
steady state (1269  71 mOsm/kg H2O versus 1027 
43 mOsm/kg H2O in control versus 7-month-old rats, P
0.001, N	 5 for each) (Fig. 1B). After water deprivation,
urine osmolality increased to 3830 mOsm/kg H2O in
young rats (P  0.0001) (Fig. 1B and Table 1) and to
2588 mOsm/kg H2O in 7-month-old rats (P  0.001)
(Fig. 1B and Table 1).
Body weight, food intake, and urinary Na balance in
young and old rats
The results depicted in Table 1 indicate that water
deprivation for 72 hours markedly decreased body
weight by 29 and 34 g in young and 7-month-old animals,
respectively (P 
 0.05) (Table 1). Young and 7-month-
old rats with ad libitum access to food and water eat
similar amount of food (15 versus 17 g/day, respectively,
P 
 0.05) (Table 1), and showed comparable values of
urinary Na excretion rate (2.519 versus 2.370 mEq/24
hours in 7-month-old vs. young animals, respectively,
P
 0.05) (Table 1). After 72 hours of water deprivation,
food intake decreased to 5.59 g in young rats and 5.49
g in 7-month-old animals (P 
 0.05) (Table 1). Urinary
Na excretion rate also decreased to 0.267 mEq/24 hours
in young rats and 0.349 mEq/24 hours in 7-month-old
animals (P 
 0.05) (Table 1).
At steady state, daily Na balance was comparable
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Fig. 1. Effects of water deprivation on urine vol-
ume and urine osmolality. Five young (N 	 5)
and five 7-month-old (N	 5) rats were placed
in metabolic cages, with free access to food
and water. At time 0, water was removed to
both groups but food was present. Urine vol-
ume (A ) and urine osmolality (B ) were moni-
tored every 24 hours for the duration of the
experiment.
Table 1. Body weight, food and water intake, urinary Na excretion rate, and urine osmolality of young and 7-month-old animals in control
and after 72 hours of water deprivation (N 	 5 rats were studied in each group)
Young rats 7-month-old rats
Water deprivation Water deprivation
Control (72 hours) Control (72 hours)
Body weight g 2424.8 2134.9a 48912b 45411a
Water intake mL/24 hours 261.2 0 321.18c 0
Food intake g/24 hours 17.30.6 5.590.7d 15.21.7 5.491.5d
Na excretion mEq/24 hours 2.370.18 0.2670.03d 2.520.11 0.3490.05d
Urine osmolality mOsm/kg H2O 126971 3830257b 102743c 2588172d
Values are mean  SE. Control data are the average of 3 days of measurement at baseline. Data shown in water deprivation groups are from the last day of
treatment (72 hours).
aP  0.0001 vs. their controls; bP  0.0001 vs. control young rats; cP  0.001 vs. control young rats; dP  0.001 vs. their controls
Fig. 2. Effects of water deprivation on Na
balance. (A ) Daily Na balance measured in
young and 7-month-old rats every 24 hours
before and after water deprivation. (B ) Cumu-
lative negative Na balance caused by water
deprivation in young and 7-month-old animals
(N 	 5 rats in each group).
between 2-month-old and 7-month-old animals (Fig. 2A).
A negative Na balance resulting from an initial natri-
uresis was observed during the first 24 to 48 hours of
water deprivation. Interestingly, this initial natriuresis is
more prominent in 7-month-old than in young rats (P 
0.01) (Fig. 2A). The daily Na balance stabilized a round
a positive value in both groups within 72 hours of dehy-
dration (Fig. 2A). After water removal, negative cumula-
tive Na balance was observed in both 7-month-old and
2-month-old rats, but more prominent in older animals
(Fig. 2B). These results indicate that 72 hours of water
deprivation causes a severe extracellular fluid volume
depletion in old versus young rats. Further, the results
suggest that the defect in urinary concentrating mecha-
nism in 7-month-old rats is likely independent of the
status of extracellular fluid volume.
Molecular basis for urinary concentrating defect
in 7-month-old rats
Regulation of proximal tubule and descending limb
AQP1. The expression of AQP1 was examined in the
cortex, outer and inner medulla of young and 7-month-
old rats before and after water deprivation. The immu-
noblots shown in Figure 3 indicate that AQP1 protein
abundance in the cortex remained unchanged in 7-month-
old versus young rats (P 
 0.05) (Fig. 3A). In addition,
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Fig. 3. Expression of cortical aquaporin-1 (AQP1) protein. The expres-
sion of AQP1 protein was examined in the cortex harvested from young
and 7-month-old rats by immunoblotting. (A ) No effect of aging is seen
on AQP1 protein abundance (P 
 0.05) (N 	 5 rats in each group).
(B ) Water deprivation did not alter the abundance of AQP1 protein
in the cortex of young or 7-month-old rats (P 
 0.05) (N 	 5 rats in
each group). Seven micrograms of total protein from different rats were
loaded per lane.
water deprivation did not alter AQP1 protein abundance
in young or 7-month-old rats (P 
 0.05) (Fig. 3B). Simi-
larly, AQP1 abundance was not altered by aging nor
by water deprivation in the outer and inner medulla of
kidneys harvested from young and 7-month-old animals
(data not shown).
Regulation of collecting duct AQP2
Collecting duct AQP2 expression at steady state. Fi-
gure 4 shows immunoblots of AQP2 in the cortex, outer,
and inner medulla of kidneys harvested from young and
7-month-old rats having free access to rat chow and wa-
ter. As shown, no difference in total cellular AQP2 pro-
tein abundance in the cortex, outer, or inner medulla
was detected between young and 7-month-old rats (P 

0.05) (Fig. 4). Similarly, AQP2 mRNA expression levels
were not affected by aging in all three kidney regions
(data not shown).
Effects of dehydration on cortical AQP2 expres-
sion. Figure 5A shows immunoblots of AQP2 protein
abundance in the cortex of young (upper panel) and
7-month-old rats (lower panel). In response to water
deprivation, AQP2 protein increased by 219% (P 
0.002) (Fig. 5B) in young rats and only by 89% (P 
0.004) (Fig. 5B) in 7-month-old animals as compared to
their controls. Northern hybridization experiment shown
in Figure 5C indicates that AQP2 mRNA expression
increased by 171% (P  0.005) in young and by 103%
(P 0.02) (Fig. 5D) in 7-month-old animals as compared
to their controls.
Effects of dehydration on outer medullary AQP2 ex-
pression. Immunoblot studies depicted in Figure 6A
Fig. 4. Collecting duct aquaporin-2 (AQP2) protein abundance at steady
state. Cortex, outer, and inner medulla were isolated from kidney of
young and 7-month-old rats, and used for total membrane AQP2 protein
isolation on immunoblotting. AQP2 protein abundance remained un-
changed between 2 months and 7 months of age in all three regions of
the kidney. Twenty, eight, and three micrograms of total protein from
different rats were loaded per lane in cortex, outer, and inner medulla,
respectively (N 	 5 rats in each group).
shows AQP2 protein abundance in the outer medulla
isolated from young and 7-month-old kidneys. As indi-
cated, water deprivation increased AQP2 protein by 60%
(P  0.02) (Fig. 6 A and B) in young but did not affect
its abundance in 7-month-old animals (P 
 0.05) (Fig.
6A). Figure 6C shows Northern hybridization experi-
ment of outer medullary AQP2 mRNA expression in
young (upper panel) and 7-month-old (lower panel) ani-
mals. As indicated, water deprivation increased AQP2
mRNA by 163% (P  0.02) (Fig. 6D) in young but did
not alter its expression levels in 7-month-old rats (P 

0.05) (Fig. 6D) as compared to their controls.
Effects of dehydration on AQP2 expression in the inner
medulla. Figure 7A shows immunoblots of AQP2 pro-
tein abundance in the inner medulla of kidneys harvested
from young and 7-month-old rats. In response to water
deprivation, AQP2 protein abundance increased by 53%
in young rats (P  0.03) (Fig. 7) versus control. In old
water-deprived rats, a slight but not significant increase
in AQP2 protein abundance was observed (P 
 0.05)
(Fig. 7A) versus control. Northern hybridization experi-
ments shown in Figure 7C indicate that water deprivation
increased AQP2 mRNA by 194% (Fig. 7A, lower left
panel) in young but did not affect its mRNA expression
in 7-month-old animals (Fig. 7B, lower right panel) as
compared to their controls.
Regulation of collecting duct AQP3
The expression of AQP3 in the outer medulla of young
and 7-month-old rats kidneys was examined by immu-
noblotting and Northern hybridization experiments. The
results depicted in Figure 8 indicate that water depriva-
tion increased AQP3 protein abundance by 157% in
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Fig. 5. Aquaporin-2 (AQP2) expression in the cortex of young and 7-month-old rats. (A ) Immunoblots of AQP2 protein in the cortex of young
(upper panel) or 7-month-old (lower panel) rats in control and after water deprivation. (B ) Densitometric analysis showing the level of AQP2
band (29 kD) expressed as % of controls. (C ) Northern hybridization of AQP2 mRNA and 28S rRNA in young (upper panel) and 7-month-old
(lower panel) rats in control and after water deprivation. (D ) Mean AQP2 mRNA normalized to 28S rRNA ratios and expressed as % of controls.
Each lane was loaded with 20 g of total protein or 30 g of total RNA from a different rat (N 	 5 rats in each group).
young rats (P  0.001) (Fig. 8 A and B), and by 53%
in 7-month-old animals (P  0.01) (Fig. 8 A and B) as
compared to their controls. The increase in AQP3 pro-
tein in response to water deprivation correlates with an
increase in its mRNA expression (116%, P  0.002)
(Fig. 8 C and D) in young but not in 7-month-old rats
(Fig. 8 C and D).
The expression of AQP3 was also examined in the
cortex of both young and 7-month-old animals and the
results indicated an increase in both AQP3 protein
(161%, P  0.001) and mRNA (197%, P  0.0003)
in young water-deprived rats versus their controls (data
not shown). In 7-month-old rats, the effects of water
deprivation on AQP3 protein (89%, P  0.05) and
mRNA (116, P 0.0001) expression levels was signifi-
cant but less prominent (data not shown).
Regulation of mTAL Na-dependent transporters by
water deprivation
Effects of water deprivation on mTAL apical Na-K-
2 Cl cotransporter (BSC1 or NKCC2). BSC1 was raised
using commercial services (Genosys Biotechnologies,
Inc., The Woodlands, TX, USA). The peptide sequence
used to generate the apical BSC1 antibody was NH2-
CEYYRNTGSVSGPKVNRPSLQE-COOH, which cor-
responds to amino acids 109 to 129 of the amino terminal
tail of the apical Na-K-2 Cl cotransporter. Others
have previously used the same sequence to develop
BSC1 antibody [29]. In the next set of experiments, we
first verified the specificity of BSC1 immune serum, and
then examined the expression of BSC1 in response to
water deprivation. As shown in Figure 9A (left panel),
BSC1 immune serum detected a single 160 kD band
in the inner stripe of outer medulla and mTAL tubules
as previously shown [29]. No labeling was detected in
the proximal tubules and inner medulla. Preadsorption
of the immune serum with the synthetic peptide pre-
vented the labeling (Fig. 9A, right panel), indicating the
specificity of the immune serum. The equity of protein
loading in the above blots was verified with parallel coo-
massie blue–stained gels (Fig. 9B).
The effect of water deprivation on the expression of
BSC1 was examined by Northern hybridization and im-
munoblotting studies in the outer medulla of young and
7-month-old rats. As shown in Figure 9C (upper blot and
lower panel), water deprivation increased BSC1 protein
abundance by 34% (P  0.003) in young but not in
7-month-old rats (P 
 0.05) (Fig. 9C, lower blot and
lower panel) versus control groups. Interestingly, water
deprivation did not alter BSC1 mRNA expression in
young animals versus their control group (P 
 0.05)
Amlal and Wilke: mTAL apical Na transporters and CD AQP2 in aging kidney550
Fig. 6. Aquaporin-2 (AQP2) expression in the outer medulla of young and 7-month-old rats. (A ) Immunoblots showing the effects of water
deprivation on AQP2 protein abundance in the outer medulla of young (upper panel) and 7-month-old (lower panel) rats. (B ) Densitometric
analysis of AQP2 bands in young kidneys. (C ) Northern hybridization of AQP2 mRNA and 28S rRNA in young (upper panel) and 7-month-old
(lower panel) rats in control and after water deprivation. (D ) Mean AQP2 mRNA-to-28S rRNA ratios expressed as % of controls. Eight micrograms
of total protein or 30 g total RNA from a different rat was loaded in each lane (N 	 5 rats in each group).
Fig. 7. Aquaporin-2 (AQP2) expression in the inner medulla of young and 7-month-old rats. (A ) Immunoblots showing the effects of water
deprivation on AQP2 protein abundance in the inner medulla of young (upper panel) and 7-month-old (lower panel) rats. (B ) Densitometric
analysis of AQP2 bands in control and water-deprived young animals. Three micrograms of total protein from different rats was loaded per lane
(N 	 5 rats in each group). (C ) Northern hybridization of AQP2 mRNA and 28S rRNA in young (left panel) and 7-month-old (right panel) rats
in control and after 72 hours of water deprivation. (D ) Mean AQP2 mRNA-to-28S rRNA ratios expressed as % of controls. Each lane was loaded
with 30 g total RNA isolated from pooled inner medulla tissues from two to three rats.
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Fig. 8. Aquaporin-3 (AQP3) expression in the outer medulla of young and 7-month-old rats. (A ) Immunoblots showing the effects of water
deprivation on AQP3 protein abundance in the outer medulla of young (upper panel) and 7-month-old (lower panel) rats. (B ) Densitometric
analysis corresponding to 26 kD band of AQP3 in young and 7-month-old rats (N 	 3 rats in each group). (C ) Northern hybridization of AQP3
mRNA in young (upper panel) and 7-month-old (lower panel) rats in control and after water deprivation. (D ) Mean AQP3 mRNA-to-28S rRNA
ratios expressed as % of controls (N 	 5 rats in each group). Twenty micrograms of total protein or 30 g total RNA isolated from a different
rat were loaded per lane.
Fig. 9. Apical Na-K-2 Cl cotransporter (BSC1) expression in the outer medulla of young and 7-month-old rats. (A ) Immunoblot of total
membrane fractions of rat kidney tissues probed with either affinity-purified anti-BSC1 (left panel) or BSC1 antibody preadsorbed overnight with
the immunizing peptide (right panel). (B ) Coomassie blue staining of parallel gels of the same kidney samples showing equal protein loading. (C )
Immunoblots and corresponding densitometric analysis showing BSC1 protein abundance in young (upper panel) and 7-month-old (lower panel)
rats in control and after water deprivation. (D ) Northern hybridization of BSC1 mRNA and 28S rRNA and corresponding densitometric analysis
showing mean BSC1 mRNA-to-28S rRNA ratios expressed as % of control. Each lane was loaded with 20 g of total membrane protein from
kidney tissues (A and B) or from outer medulla of five different rats in each group (C). In (D), 30 g of total RNA from different rats was loaded
per lane (N 	 5 rats in each group).
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Fig. 10. Expression of apical Na/H exchanger (NHE3) in the outer medulla of young and 7-month-old rats. (A ) Immunoblots showing NHE3
protein abundance in young (upper panel) and 7-month-old (lower panel) rats. (B ) Densitometric analysis of NHE3 protein expressed as % of
control. (C ) Northern hybridization of NHE3 mRNA and 28S rRNA in control and after water deprivation. (D ) Corresponding densitometric
analysis showing mean NHE3 mRNA-to-28S rRNA ratios expressed as % of control. Each lane was loaded with 30 g of total protein or 30 g
of total RNA from different rats (N 	 5 rats in each group).
(Fig. 9D). The expression of BSC1 remained unchanged
between 8 weeks and 7 months of age (data not shown).
Effects of water deprivation on mTAL apical Na/H
exchanger (NHE3). In the next set of experiments, we
examined the expression of NHE3 in the outer medulla
of young and old animals. The results shown in Figure 10
indicate that water deprivation increased NHE3 protein
abundance by 66% (P  0.004) (Fig. 10 A, upper panel,
and B) in young rats, but did not affect NHE3 protein
abundance in 7-month-old rats (P 
 0.05) (Fig. 10 A,
lower panel, and B) as compared to their controls. Figure
10C shows a Northern hybridization experiment indicat-
ing that the increase in NHE3 protein did not correlate
with an increase in its mRNA expression levels in water-
deprived young rats (P 
 0.05) Fig. 10 C and D) as com-
pared to control animals. At steady state, NHE3 protein
abundance in the outer medulla was constant between
8 weeks and 7 months of age (data not shown).
Effects of water deprivation on Na,K-ATPase alpha-1
subunit in the outer medulla. In the next studies, we
examined the effect of water deprivation on the mRNA
expression and protein abundance of alpha-1 subunit of
the Na pump in the outer medulla of young and 7-month-
old rats. The results depicted in Figure 11 indicate that
water deprivation increased the protein abundance of
alpha-1 subunit by 60% (P  0.02) (Fig. 11 A and B)
in young but not in 7-month-old rats (P 
 0.05) (Fig. 11
A and B) as compared to their controls. Water depriva-
tion also caused a slight (22%, P 0.05) but significant
increase in alpha-1 subunit mRNA expression in young
but did not affect its expression levels in 7-month-old
rats (P 
 0.05) as compared to their respective controls
(Fig. 11 A and C).
DISCUSSION
In the present studies, we examined the effect of an
early time point of aging (7 months) on the adaptation of
Sprague-Dawley rats to water deprivation. After water
removal to young and 7-month-old rats, a significant
diuresis is observed in 7-month-old rats for the duration
of the treatment as compared to young animals (Fig.
1A), suggesting a reduction in water retention by the
aging kidneys. This correlates with a significant shift to
the right in the time-course changes of urine osmolality
in 7-month-old vs. young rats (Fig. 1B) after water depri-
vation. The reduction in urinary concentrating ability
after water removal in 7-month-old rats is independent
of changes in food intake (solute load) or lower salt
excretion (Table 1 and Fig. 2A) and likely results from
a reduction in water reabsorption by the kidney.
Semiquantitative immunoblotting and Northern hy-
bridization studies indicated that water deprivation sig-
nificantly increased AQP2 protein abundance and mRNA
expression levels in the kidney cortex (Fig. 5), outer
medulla (Fig. 6), and inner medulla (Fig. 7) of young
rats. However, an increase AQP2 protein and mRNA,
albeit less prominent, was observed only in the kidney
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Fig. 11. Expression of Na,K-ATPase alpha-1 subunit in the outer medulla of young and 7-month-old rats. (A and B ) Immunoblots and Northern
hybridization of Na,K-ATPase alpha-1 subunit in the outer medulla of young (upper panels) and 7-month-old (lower panels) rats, respectively.
(C and D ) Densitometric analysis corresponding to alpha-1 subunit protein abundance and alpha-1 mRNA to 28S rRNA ratios, respectively, in
control and after water deprivation expressed as % of control. Each lane was loaded with 30 g of total protein or 30 g of total RNA from
different rats (N 	 5 rats in each group).
cortex of water-deprived 7-month-old animals (Fig. 5).
The outer (Fig. 6) and inner medullary (Fig. 7) AQP2
protein abundance and mRNA expression levels failed
to increase in response to water deprivation in 7-month-
old rats. These results are in agreement with previous
studies in which AQP2 expression failed to increase in
kidneys of water-deprived 7-month-old rats [21] or 15-
month-old and 18-month-old water-restricted rats [20].
Similarly, water deprivation was associated with a sig-
nificant increase in AQP3 expression in the outer me-
dulla of young but not 7 month-old rats (Fig. 8). More-
over, the increase in cortical AQP3 expression is more
prominent in young than in 7-month-old animals (data
not shown). Hence, it is likely that the impaired urinary
concentrating ability of 7-month-old rats results primar-
ily from the resistance of medullary collecting duct AQP2
and AQP3 to dehydration.
The results of the present work also demonstrated
that the protein abundance of mTAL Na-dependent
transporters (BSC1, NHE3, and alpha-1 subunit of the
basolateral Na,K-ATPase) exhibited a significant in-
crease in response to water deprivation in young (Figs.
9C, 10A, and 11A) but not in 7-month-old animals (Figs.
9C, 10A, and 11A). Recent studies reported an increase
in BSC1 protein abundance in response to chronic water
restriction of Sprague-Dawley rats or to vasopressin
treatment of Brattleboro rats [30]. Interestingly, and in
contrast with our results, NHE3 protein abundance did
not increase in response to water restriction or to vaso-
pressin treatment [30], indicating that the up-regulation
of this protein is likely induced only in conditions associ-
ated with severe dehydration such as 72 hours of water
deprivation. In these studies, the expression of BSC1 or
NHE3 mRNA levels was not examined [30]. Our results,
however, indicate that BSC1 and NHE3 mRNA expres-
sion levels did not change in response to water depriva-
tion (Figs. 9D and 10C), suggesting that the up-regulation
of these transport proteins in dehydration is likely medi-
ated via a posttranslational mechanism. The important
significance of these results resides in the fact that mTAL
salt transporters are crucial to urinary concentrating
mechanism by generating a hypertonic medullary inter-
stitium, which promotes the hydro-osmotic action of va-
sopressin in the medullary collecting duct. Hence, the
resistance of BSC1, NHE3, and Na pump to dehydra-
tion could play an important role in the impaired urinary
concentrating ability of aging kidneys.
The signaling pathways responsible for resistance of
mTAL Na transporters and collecting duct aquaporins
(AQP2 and AQP3) to water deprivation in 7-month-old
rats are not yet understood. Previous studies demon-
strated that age-associated decreased urinary concentrat-
ing ability is independent of plasma AVP levels in both
7-month-old [21] and senescent animals [11, 13, 15, 31].
In addition, studies showed no age-related difference in
V2 receptor expression in whole kidney of 7-month-old
rats [21] or in its expression and cAMP accumulation in
the kidney medulla of senescent animals [16]. Moreover,
recent studies demonstrated that exogenous dDAVP
corrected polyuria in old animals [19], suggesting that
AVP pathway remains intact during aging process.
Finally, the degree of cumulative negative Na balance
caused by water deprivation is higher in 7-month-old
than young (Fig. 2), suggesting that the decrease in maxi-
mal urine concentration in old rats is likely independent
of the degree of extracellular fluid volume contraction.
Alternatively, it has been shown that glucocorticoid lev-
els are increased in aged rats [19], and that glucocorti-
coids regulate the expression of BSC1 [32], NHE3 [33],
and urea transporter UT-A1 [34], and play an important
role in urinary concentration or dilution processes [35].
However, the involvement of glucocorticoids in aging-
related decreased urinary concentrating ability remains
to be studied. Overall, additional exhaustive studies are
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needed to determine the mechanisms(s) and signaling
pathways responsible for urinary concentrating defect in
aging kidney.
CONCLUSION
These studies demonstrate that aging-related decreased
urinary concentrating ability is an early event that is devel-
oped before the onset of senescence. This defect is inde-
pendent of changes in baseline expression of collecting
duct AQP2, but results from a reduction in respon-
siveness of cortical AQP2 and AQP3 and blunted re-
sponse of medullary AQP2 and AQP3 as well as mTAL
Na-dependent transporters to dehydration. The coordi-
nated dysregulation of mTAL salt transporters and col-
lecting duct aquaporins could play an important role in
the urinary concentrating defect of the aging kidney.
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